The 70-nm technology node is projected to go into manufacturing production by late 2004. The most promising technology for the 70-nm technology node of semiconductor devices is 1 57-nm lithography. Although advances in developing I 57-nm technology have been hampered by greater challenges than originally expected, considerable progress has been made. Great efforts have been made to improve the exposure tool, the laser, the resist materials, the resist processing, the mask materials, and bottom anti-reflective coatings (BARCs). BARCs are essential in achieving the 70-nm-node resolution target by minimizing the substrate reflectivity to less than 1% and planarizing substrates. This paper will describe the various design considerations for a workable 1 57-nm BARC, including optical constants, thermal stability, photo stability, etch rate and selectivity, resist compatibility, film conformality, coating quality, and lithography profile. It will demonstrate that to maintain less than I % reflectance for a 1 57-nm BARC, the value of refractive index n (real) must be from 1 .3 to 1 .8 and that of k (imaginary) must be from 0.26 to 0.6, determined by Prolith modeling. The refractive index ranges are set as optical constant targets for the design of BARCs formulations. The photoresist profiles from I 57-nm lithography utilizing our developed BARCs will also be presented.
INTRODUCTION
The most promising technology for the 70-nm tecimology node of semiconductor devices is 1 57-nm lithography. The technology shift to I 57-nm poses greater challenges than the previous shifts from i-line to DUV (248nm) and from DUV to 193-nm due to the high absorbance of most of the materials known and available for use at the 157-nm wavelength. Although advances in developing I 57-nm technology have been hampered by greater challenges than originally expected, considerable progress has been made. h17]
The use of bottom anti-reflective coatings (BARCs) will be essential in 1 57-nm photolithographic processes to maintain precise feature size control at such small dimensions. BARCs are organic coatings that are applied onto the substrate prior to the resist to absorb light that otherwise would be reflected from the substrate back into the resist during the exposure process. If these reflections are not prevented, standing waves will be established in the resist layer, which cause feature size to vary from one location to another on the circuit depending on the local thickness of the resist layer.
The BARC layer not only enhances feature size control by reducing substrate reflectivity but also by leveling (or planarizing) topography, which is invariably present on the device substrate. The BARC material fills around and over the features to create a flatter surface for photoresist application and reduces local variations in resist thickness. This paper will describe the design of I 57-nm BARCs, and illustrate some experimental BARC samples developed at Brewer Science, which basically meet the basic requirements.
(2) Fast etch se'ectivity to maintain a resist thickness loss ofless than 20%; (3) Chemical and physical stability upon exposure to 157-nm light; (4) Formulations that use safe, industry-accepted solvents; (5) Compatibility (no footing or undercutting) with resist; (6) Uniform coating with few or no defects; (7) Spin-bowl compatibility; (8) Reasonably long shelf life, and (9) Low metal ion contamination.
Among the above BARC design requirements the most critical ones are optimum optical properties to reduce substrate reflectance, and fast etch rate/selectivity to minimize resist etch loss. The optical properties and etch selectivity will be discussed in more detail below.
Optical constants
Controlling linewidths is critically important to proper device operation. Achieving linewidth control requires that substrate reflectance into the resist be minimized. This requires designing BARCs with optimum optical constants to minimize the substrate reflectivity to less than I %. The refractive index n (real) and k (imaginary) are the key optical constants affecting the reflectivity. In order to determine optimum optical constants for the BARCs, simulations were performed using Prolith version 7. 1 .0. One currently available benchmarked resist was chosen. The optical constants n and k ofthe resist are I .55 and 0.01 5, respectively. A resist thickness of 1 80 nm was set for simulations.
Although many different substrate combinations can be (and are being) used, the authors chose to use a stack of resist on BARC on silicon substrate for simplicity.
Based upon the parameters of the resist, a stack of resist on BARC on silicon substrate was used for the simulations. The simulation variables were the BARC s n, and k values and BARC thickness. The ranges used for each were as follows:
1 .2 < n <2.0, in increments of 0.05; 0.2 < k < 0.8, in increments of 0.02; 1 0 nm < thickness < I50 nm, in increments of 1 nm. Figure 1 shows the average reflectance contour plot for a 1 57-nm BARC having a thickness of 60 nm with the resist. From the contour plot it can be seen that for a BARC having a thickness of 60 nm and a resist having a thickness ofI 80 nm, the BARC must have a n value between 1 .72 and 1 .97, and a k value between 0.27 and 0.5 1 to resultin less than 1 % reflectivity (central oval area).
By analyzing contour plots for the resist with different BARC thicknesses, the optimum and range of BARC n and k values to achieve less than 1 % reflectance were determined. These data are shown in Table I . Regarding the very small availability of the materials with too high k values or too low n values, according to the simulation results shown in Table 1 , n in the range of 1.3 to 1.8 and k in the range of 0.27 to 0.6 are preferable for the purpose. Based on the targeted ranges of n and k, a thorough screening of materials for 157-nm BARCs was carried out.
Etch selectivity
Etch selectivity for 157-nm BARCs must be high due to the relatively low thickness of 157-nm resists. The necessary selectivity to maintain less than 20% resist loss during BARC etch is shown in Table 2 . Table 2 shows that for single layer resists, BARC thickness of up to 6Onm can be used for 70-nm device generation (3:1 aspect ratio). However, future device generations will require that BARC thickness be reduced to less than 4Onm. I 57-nm BARCs can be prepared by simply blending a I 57-nm dye and polymer (binder) in solvent(s); however, solubility requirements are extremely precise. Both dye and polymer must be soluble in the coating solvents but exhibit minimal solubility in the photoresist solvents. Intermixing of the BARC and resist may result in unwanted footing at the base of the resist lines. Sublimation of the free dye during hotplate bake can also be a problem. So, a preferred approach is to chemically bond the dye to the polymer or compound to create crosslinkable dye-attached polymers or macromonomers, which will serve as binders in the coating formulations. A thermal crosslinking agent and catalyst are subsequently added to the dye-attached binder solution to produce the BARC formulation. The iterative development process begins with the selection or synthesis of dye-attached polymer binders. These binders will be characterized and formulated with thermal crosslinking agents, cure catalysts, and solvents to form experimental BARC compositions. The basic properties of the coatings, such as optical density (n and k values), thickness, film stripping resistance, film quality, propensity for intermixing with resist, etc., should be evaluated using According to the design considerations described above, a wide variety of polymers and chromophores, including cellulose derivatives, polycarbonates, dendritic polymers, polyacrylate, polyurethane, polyesters, sulfones, thi ophene, deuterated compounds, poly (ethylene glycol), etc., have been screened. Two compounds were found to show the strongest absorbance at 1 57-nm wavelength, and were chosen as the I 57-nm dye. Four different polymers were found to be stable upon 1 57-nm light exposure and have relatively fast etch rates in CF4/02 etch gas. By chemical reaction, the dye compound was attached to the four different polymers, respectively. They are denoted as BARC I ,BARC 2, BARC 3, and BARC 4, respectively. These series ofdye-attached polymers were used as binders for BARC formulations.
Preparation ofBARC formulations
The above four dye-attached polymers have pendent hydroxyl groups that readily form crosslinking structures by reacting with an aminoplast crosslinking agent (PWL), such as a methoxymethylated glycoluril with a sulfonic acid or p-toluenesulfonic acid (TSA) as a catalyst at an elevated temperature, in less than I 00 seconds time. The BARC formulations were prepared by mixing the polymer binder, solvents, crosslinking agents, and catalysts to form a homogeneous solution. Solid content was adjusted to 3 to 7 wt.% for spin coating. The coating solution was deionized by stirring with about 5 wt.% ion exchange beads for 4 hours and then filtered through a 0.05 to 0. 1 Oim pore size
Teflon filter prior to spin application. Each BARC composition was applied and cured onto three silicon wafers. Film thicknesses were determined at multiple points on the three silicon wafers using a Gaertner ellipsometer and then averaged. Refractive index n and k values were measured using a variable angle spectroscopic ellipsometer (VASE) instrument from J. A. Woollam. Average n and k values were calculated from the VASE measurements.
Ethyl lactate stripping test
The stripping test is used routinely to determine whether the thermal curing step provides adequate BARC insolubilization to prevent removal by resist. Ethyl lactate (a common resist solvent) was puddled on the cured BARC for 10 seconds and then spun at I 500 rpm for I S seconds and 3000 rpm for I 5 seconds. The film thickness of the BARC was then re-measured. If a thickness loss of more than 5% occurs, the product or cure cycle would likely be unacceptable.
BARC plasma etching rates
Plasma etching rates on BARC-coated wafers were performed on a Trion etcher using CF4/02 as etch gas. Etch selectivities were reported against a 1 57-nm resist.
Lithographic performance
BARC formulations showing the best results in the above tests were evaluated for lithographic performance with 157-nm resists at SEMATECH. The resist was spin coated on 200-mm Si wafers with a target thickness of 200 nm using standard spin processing and soft-bake procedure. Dense and isolated line features ranging in size from 70 to 100-nm were patterned on flat substrate using a 157-nm stepping exposure tool and examined in cross-section with a scanning electron microscope (SEM).
Storage stability
After deionization, the beads were removed by straining the solution through plastic cloth. The solution was then filtered thru a 0.1-jim pore size Teflon filter into 60-mi screw-cap Nalgene bottles. Freshly opened bottles were used for film thickness measurements. Spin and cure conditions remained constant throughout the test. Table 3 summarizes the n and k values, etch selectivities, and stripping data ofBARC 1, 2, 3, and 4 series. The formulation sample has been stored for 80 days and its shelf life has been measured using the procedure described above. The results are listed in Table 4 . The results show that the formulation is stable after storage of 80 days.
RESULTS AND DISCUSSION
According to above the results, the four prototype BARCs meet the requirements for optical constants, safe solvents, thickness loss after stripping, and shelflife. Their etch selectivities need to be improved. Figure 2 shows the reflectance curve of a 1 57-nm resist with n1 .52, k0.Ol 5 and a thickness of I 8Onm on a BARC with n1 .58 and k0.42, which is one of the formulations from the above four prototype BARCs. In this case, the first minimum of the BARC is 27 nm, and the second minimum is 73 nm. The first minimum (27nm) may be too thin to level (or planarize) topography on the substrate. However, the second minimum (73 nm) may be too thick to maintain a resist thickness loss of less than 20% during plasma etching the BARC due to its slower etch selectivity. Therefore the n and k values ofthe BARC need to be adjusted to increase the first minimum or reduce the second minimum. Figure 3 shows the reflectance curve of a 1 57-nm resist with n1 .52, k0.01 5 and a thickness of 200 nm on a BARC with n1 .8 and k0.33, which is one of the formulations from the above four prototype BARCs. In this case, the first minimum of the BARC is 20 nm, and the second minimum is 60 nm. The first minimum (2Onm) cannot reduce the substrate reflectance to less than 1%; the substrate reflectance at first minimum is approximately 7%. The second minimum (60 nm) can maintain a resist thickness loss ofless than 20% ifthe BARC s etch selectivity vs. resist is higher than 1 .5 according to Table 2 . In this case, the first minimum of the BARC is 40 nm; it can reduce the substrate reflectance to less than 1 % and level (or planarize) topography on the substrate. The BARC thickness of 40 nm can maintain a resist thickness loss of less than 20% ifthe BA.RC s etch selectivity vs. the resist is higher than 1 .1 1 according to Table 2 . Figure 6 is the cross-section SEM image of Figure 6 (A) lithographic profiles. Footing is obvious in the profiles. The BARC formulation (crosslinking density, surface acidity) or process parameters (bake temperature and time) need to be optimized. Shipley XP1664 resist may also be modified. 
CONCLUSIONS
The various design considerations for a workable 157-nm BARC including optical constants, thermal stability, photo stability, etch rate and selectivity, resist compatibility, film conformality, coating quality, and lithography profile have been discussed. Based on Prolith simulations, refractive indices of n (real) from 1 .3 tol .8 and k (imaginary) from 0.27 to 0.6 were identified to maintain less than 1% reflectance for a 157-nm BARC. Four prototype BARCs from different chemistry platforms were developed which meet most of the critical requirements for I 57-nm BARC design. The preliminary profiles from 1 57-nm lithography utilizing our developed BARCs show promise, but the BARC formulation needs to be optimized to generate better profiles. The work to modify and optimize the BARCs is in process.
